Cannabinoids are known to interact with CB1 and CB2 receptors expressed in the nervous and immune system, respectively and mediate a wide range of effects, including anti-inflammatory properties. However, cannabinoids that bind CB1 are also psychoactive thereby limiting their clinical use. In this study, we investigated the immunosuppressive properties of JWH-015, a synthetic CB2-selective agonist. We found that JWH-015 triggered apoptosis in thymocytes in vitro and inhibited the proliferative response of T and B cells to mitogens through induction of apoptosis. JWH-015 induced cross-talk between extrinsic and intrinsic pathways of apoptosis involving caspase-8, caspase-9, and caspase-3 as well as loss of mitochondrial membrane potential. Finally, administration of JWH-015 in vivo caused thymic atrophy, apoptosis, and decreased peripheral T cell response to mitogens. Together, this study suggests that CB2 selective agonists, devoid of psychotropic effect, may serve as novel anti-inflammatory/immunosuppressive agents.
Introduction
Marijuana has been used for recreational and medicinal purposes for centuries [1] . Its medicinal use can be traced back to ancient Chinese and Egyptian civilizations [1] . Cannabinoids, the active ingredients in cannabis, have many distinct pharmacological properties, including anticonvulsive, analgesic, antianxiety, and antiemetic [2] . Cannabinoids have been suggested as potential therapeutic agents in the treatment of ailments such as nausea, cachexia and pain in AIDS and cancer patients, and intraocular pressure in glaucoma [1, [3] [4] [5] [6] . More recently, cannabinoids have been shown to induce apoptosis and inhibit tumor cell growth, thereby suggesting the potential use of cannabinoids in the treatment of gliomas, prostate and breast cancers, and malignancies of immune origin [1, [3] [4] [5] [6] [7] [8] [9] . On the other hand, abuse of marijuana or exposure to cannabinoids has also been shown to increase the susceptibility to infections that has encouraged the study of the effect of cannabinoids on the immune system [10] [11] [12] .
Δ 9 -tetrahydrocannabinol (THC), the major psychoactive component of marijuana, and other cannabinoids have been shown to be immunosuppressive both in vitro and in vivo, affecting macrophages, natural killer cells, B cells, T cells, mast cells and dendritic cells (DCs) [1, 13, 14] . It is generally believed that cannabinoids alter the immune functions through their ability to mediate an effect on cytokine production and to exert anti-proliferative properties [15] (Review). Recent studies from our laboratory suggested that the anti-proliferative activity of THC may result from its ability to trigger apoptosis in immune cells [16] . To this end, we demonstrated that administration of THC into mice caused a reduction in the cellularity of the thymus and spleen, and decreases the ability of T and B cells to divide upon activation, which correlated with induction of apoptosis [16] . Furthermore, a recent study from our laboratory demonstrated that THC or anandamide, an endogenous cannabinoid, can induce apoptosis in dendritic cells (DCs) in vitro and treatment of mice with THC caused depletion of splenic DCs [13] . While such studies on one hand suggest that abuse of marijuana or clinical use of THC in AIDS or cancer patients may cause an undesired effect namely immunosuppression. On the other hand, the ability of cannabinoids to suppress the immune functions can be potentially exploited for the treatment of inflammatory and autoimmune diseases by inhibiting the proliferative response of B and T cells, and by decreasing antigen-presentation by DCs [16] [13] . However, the clinical use of marijuana and cannabinoids such as THC is still very controversial due to the psychotropic side effect associated with the treatment. These effects are due to the fact that THC can signal not only through the cannabinoid receptor (CB) 2, mainly expressed on cells of the immune system and accounting for the immunosuppressive effects, but also through the CB1 receptor found on cells of the central nervous system, causing psychotropic effects [1, 17] . Therefore, it is of great interest to test whether synthetic CB2-selective cannabinoid receptor agonists would induce apoptosis in immune cells and mediate immunosuppression in vivo. Such CB2-selective agonists would be ideal candidates for clinical use as immunosuppressive drugs because of their minimal binding to CB1 receptors and therefore devoid of psychotropic effects.
In the current study, we tested the ability of a selective CB2 agonist to induce apoptosis in lymphoid cells and cause immunosuppression. The CB2-selective agonist that we chose to study was the commercially available synthetic cannabinoid (2-Methyl-1-propyl-1H-indol-3-yl)-1-naphtalenylmethanone also known as JWH-015, which has K i values of 13.8 nM (CB2) and 383 nM (CB1). We demonstrate for the first time that administration of JWH-015, a CB2-selective agonist into mice inhibits the proliferative responsiveness of T and B cells, and induces thymic atrophy via the induction of apoptosis. Looking deeper into the mechanism of JWH-015-induced apoptosis, we find that JWH-015 signals primarily through the death receptor pathway and through crosstalk, with the mitochondrial pathway.
Materials and Methods

Mice
Adult female (5-7 weeks of age) C57BL/6 wild-type mice were purchased from the National Institutes of Health (NIH) and maintained in our animal facility. Adult female C57BL/ 6 lpr/lpr mice were originally purchased from Jackson Laboratories (West Grove, PA) and bred in our facility.
Reagents
JWH-015 was purchased from Tocris Cookson (Ellisville, MO), initially diluted to a concentration of 20 mM using DMSO (Sigma, St Louis, MO) and stored at -20°C. It was then further diluted as needed by the experiments using the appropriate medium. The following CB2 specific antagonists were also used: SR144528 (Sanofi Research, Montpellier, France), and AM630 (Tocris).
In vitro proliferation assay
Spleens were aseptically harvested from C56BL/6 mice, placed into a sterile plastic bag with 10 ml of complete RPMI medium and single cell suspension was prepared using a laboratory homogenizer (Stomacher, Tekmar, Cincinnati, OH). Contaminating erythrocytes were lysed by resuspending the cells in 3 ml lysing buffer (Sigma). After 2 washes in complete RPMI medium, the cellularity was determined using the trypan blue dye exclusion method. The cells were resuspended to a concentration of 5x10 6 cells/ml in complete medium. The cells (5x10 5 in 100 μl) were cultured in 96 well plates with various concentrations of JWH-015 (0, 5, 10, and 20 μM) and either left unstimulated or stimulated with 2 μg/ml concanavalin A (Con A) (Sigma), 2 μg/ml anti-CD3 mAbs (Pharmingen, San Diego, CA), or 5 μg/ml lipopolysaccharide (LPS) (Sigma) for 48 hrs, as we have found this time point to correspond to the peak of the mitogen-induced proliferative response. Eight hours prior to the end of the assay, the cells were pulsed with 2 μCi of 3 H-thymidine. DNA synthesis was determined by β-scintillation counting.
Cell cycle analysis
T cells were purified from C57BL/6 spleens by plastic adherence followed by passage over a nylon wool column. The cells (5x10 5 in 100 μl) were cultured in 96 well plates with 20 μM JWH-015 or the vehicle and stimulated with 2 μg/ml Con A for 24 hrs. The cells were then harvested and fixed using ice-cold 70% ethanol. The cells were then stained with propidium iodide (PI) in the presence or RNAse A for 30mn at 37 o C and analyzed by flow cytometry.
Evaluation of JWH-015-induced apoptosis in thymocytes and splenocytes
Spleens and thymi were aseptically removed from euthanized C57BL/6 mice and reduced to single cell suspensions as described above. After lysis of contaminating erythrocytes and appropriate washes, splenocytes and thymocytes were readjusted to a concentration of 5x10 6 cells/ml. Splenocytes (5x10 5 cells in 100 μl) were then cultured in 96 well plates with various concentrations of JWH-015 and left unstimulated or stimulated with Con A, anti-CD3 mAbs or LPS for 48 hrs as described above. Thymocytes (5x10 6 cells/well) were cultured in 24-well plates with 20 μM JWH-015, as this concentration happened to be effective in inducing apoptosis in splenocytes. The thymocytes were only kept in culture overnight because extended periods of culture favor spontaneous apoptosis of the cells, which makes it more difficult to assess the effects of JWH-015. After the appropriate incubation time, splenocytes and thymocytes were harvested, washed twice in PBS, and fixed with 100 μl of 4% paraformaldehyde at room temperature for 30 mn. The level of apoptosis was then evaluated using the TUNEL method followed by flow cytometry.
Detection of apoptosis using the TUNEL method
Apoptotic events were quantified at the single cell level using the TUNEL method (BoerhingerMannheim, Indianapolis, IN), as described [18] . The cells were washed with PBS twice and permeabilized on ice for 2 mn using 100 μl of 0.1% Triton X-100 in 0.1% sodium citrate. After two additional washes, the cells were incubated with 25 μl of TUNEL reaction composed of FITC-dUTP and TdT at 37°C with 5% CO 2 . After 1hr, the cells were washed two more times, resuspended in PBS, and fluorescence was determined by flow cytometry.
Assessment of JWH-015-induced activation of caspase-3 and/or -7
Splenocytes and thymocytes were cultured with the vehicle or various concentrations of JWH-015 (5, 10, or 20 μM) in a total volume of 100 μl for 24 hrs (splenocytes) or overnight (thymocytes). The induction of apoptosis was then detected using the Apo-ONE homogeneous caspase-3/7 assay (Promega Corporation, Madison, WI)) according to the manufacturer's recommendation. Briefly, 100 μl of a 1:100 substrate / buffer solution was added to the plate. The plate was then shaken for 30 sec and incubated at room temperature for 6 hrs before reading the results on a Wallac Victor 2 instrument (Perkin Elmer life sciences, Boston, MA).
Assessment of JWH-015-induced loss of mitochondrial membrane potential
Thymocytes and splenocytes (5x10 6 /well) were cultured with various concentrations of JWH-015 (5, 10, and 20 μM) or vehicle for 24 hrs. In some experiments, cells were also cultured with caspase-8 inhibitor (Z-IETD-FMK) (R&D systems, Minneapolis, MN). Fifteen minutes prior to the end of the incubation, 3,3-dihexyloxacarbocyanine iodide (DiOC 6 ) was added to a final concentration of 40 nM. Mitochondrial membrane potential (Δψ m ) was then assessed by flow cytometric analysis, as described [19] .
Blockade of JWH-015-induced apoptosis using a CB2 antagonist
For the caspase-3/7 assay, thymocytes were cultured in 96-well plates with 20 μM JWH-015 in the presence or absence of CB2 specific antagonist for 24 hrs. The induction of apoptosis was then detected using the Apo-ONE homogeneous caspase-3/7 assay (Promega Corporation) as described above. For the TUNEL assay, cells were cultured overnight in 24-well plates with JWH-015 in the presence of absence of CB2 specific antagonist. The cells were then harvested, fixed and analyzed by TUNEL staining followed by flow cytometry as described above.
Western blot analysis
Thymocytes and splenocytes were cultured with various concentrations of JWH-015 (5, 10, or 20 μM) or the vehicle for 18 hrs. Proteins (total or cytosolic, depending on the experiment) were extracted and the concentration was determined using the BCA protein assay kit (Pierce, Rockford, IL). Proteins were then separated by SDS-PAGE and transferred to a membrane. Blots were blocked with 5% (w/v) nonfat milk in TBS-T (0.5 M NaCl, 20 mM Tris-HCl, 0.1% (v/v) Tween 20, pH 7.6), and probed with primary antibodies against caspase-3 (Cell Signaling Technology, Beverly, MA) (total proteins), or cytochrome c (Pharmingen) (cytosolic proteins). Beta-actin (Sigma) was used as a loading control. Finally, blots were washed and incubated with HRP-conjugated secondary antibodies and the proteins of interest visualized with ECL reagent (Amersham Biosciences, Piscataway, NJ).
Caspase inhibition studies
Thymocytes were pre-treated with caspase-8 and caspase-9 inhibitors (R&D systems) at various concentrations (12.5 μM to 100 μM) for one hour. The cells were then either left untreated or cultured with 20 μM JWH-015 or the vehicle overnight. Finally the cells were harvested, fixed and analyzed for apoptosis using the TUNEL method followed by flow cytometry as described above.
Determination of the effect of in vivo exposure to JWH-015 on in vitro splenocyte proliferation C57BL/6 mice were treated with a daily dose (100 mg/kg body weight) of JWH-015 or vehicle for three days (days 0 to 2). On day 3, the mice were sacrificed, the spleens were harvested, prepared into a single-cell suspension as described above, and adjusted to 5x10 6 cells/ml in complete medium. The cells (100 μl/well) were cultured in 96-well flat-bottomed plates and either left unstimulated or stimulated with 2 μg/ml Con A for 48 hrs. The cells were cultured with 2 μCi of 3 H-thymidine for the final 8 hrs, and DNA synthesis was determined by β-scintillation counting.
Analysis of JWH-015-induced thymic atrophy and apoptosis in vivo
Groups of four C57BL/6 mice were treated with a daily dose (150 mg/kg body weight) of JWH-015 or vehicle for three days (days 0 to 2). On day 3, the mice were sacrificed, the thymi were harvested, prepared into a single-cell suspension as described above, and the total number of viable cells was determined by trypan blue dye exclusion. The cells were then adjusted to 5x10 6 cells/ml in complete medium, and cultured in vitro in 96-well flat-bottomed plates (1x10 6 cells/well in 0.2ml of medium) overnight at 37 o C. The cells were then harvested, fixed, and analyzed for apoptosis using the TUNEL method followed by flow cytometry.
Determination of the effect of exposure to JWH-015 on T cell activation with staphylococcal enterotoxin A (SEA) in vivo
Mice were injected with 10 μg SEA (Toxin Technology, Sarasota, FL) into the rear footpads on day 0 to activate T cells in the draining popliteal lymph nodes as described [20] . Mice were then injected with a daily dose (150 mg/kg body weight) of JWH-015 or vehicle once a day for three days. Twenty four hours after the last injection, the mice were sacrificed. The draining lymph nodes were harvested, pooled and prepared into a single cell suspension as described above. The cells were stained with 1 μg of PE-conjugated anti-Vβ3 or PE-conjugated anti-Vβ11 mAbs (Pharmingen). The cells were stained for 30 mn on ice, washed twice in PBS and fixed. Some of the cells were then further stained using the TUNEL method. Both singlestained and double-stained samples were then analyzed using a flow cytometer.
Statistical Analysis
Each experiment using flow cytometry was repeated at least twice with consistent results and representative data were plotted. In other experiments, JWH-015-treated group was compared to vehicle controls using Student's t test and p<0.05 was considered to be statistically significant.
Results
Exposure to JWH-015 reduces the proliferative response of splenocytes to mitogens in vitro
Splenocytes from C57BL/6 mice were cultured with various concentrations of JWH-015 and left unstimulated or stimulated with anti-CD3 mAbs, Con A or LPS for 48 hrs, as described in the Materials and Methods. The resulting proliferation was assessed by 3 H-thymidine incorporation. As shown in Fig. 1A , JWH-015 treatment significantly impaired the ability of splenocytes to proliferate in response to mitogenic stimulation, in a dose-related manner. It should be noted that the response to both T cell (Con A and anti-CD3 mAbs) and B cell (LPS) mitogens was reduced, suggesting that JWH-015 might affect both subsets of lymphocytes. Our splenocyte preparation does contain macrophages, which express high level of cannabinoid receptors. However, LPS treatment of macrophages typically triggers the release of pro-inflammatory cytokines rather than proliferation. Therefore, we attribute most of the proliferative response to LPS to B cells. Finally, cell cycle analysis of purified T cells stimulated with Con A in the presence of JWH-015 revealed an increase in the sub G 0 /G 1 peak, which is characteristic of apoptotic cells, when compared to cells stimulated with Con A and treated with the vehicle (Fig. 1B) . Together these data suggest that JWH-015 may inhibit proliferation through the induction of apoptosis.
Exposure to JWH-015 leads to induction of apoptosis in both naïve and activated splenocytes in vitro
In order to confirm that the impaired proliferative response to mitogens resulting from JWH-015 treatment was due to the induction of apoptosis, splenocytes were cultured with JWH-015 in the presence or absence of mitogens, as described in the Materials and Methods. Analysis of the samples after TUNEL staining revealed an increase in the number of apoptotic events upon JWH-015 treatment, in splenocyte cultures stimulated with medium or various mitogens ( Fig. 2A) . Of note, the levels of apoptosis resulting from mitogenic stimulation were lower than the corresponding levels detected for the same concentrations of JWH-015 when the cells were incubated in medium alone. This is consistent with our previous findings that lymphocytes down-regulate cannabinoid receptor expression upon activation and are therefore slightly less sensitive to apoptosis [16] . To further corroborate that JWH-015 treatment induces apoptosis in splenocytes, we studied caspase activity and found that JWH-015 caused a doserelated increase in caspase-3/7 activation in splenocytes, confirming the induction of apoptosis in these cells (Fig. 2B) .
In vitro treatment of splenocytes with JWH-015 induces mitochondrial injury
In order to determine whether JWH-015 affects the mitochondria, splenocytes from C57BL/6 mice were cultured with JWH-015 for 24hrs. Fifteen minutes prior to the end of the incubation, DiOC 6 was added to the cultures as described in the Materials and Methods. The data showed that JWH-015 treatment led to increased proportion of splenocytes exhibiting loss of mitochondrial membrane potential (Δψ m ) as indicated by a decrease in mean fluorescence intensity, when compared to vehicle controls (Fig. 3A) , In addition, Western blot analysis of cytosolic proteins extracted from splenocytes cultured with JWH-015 or the vehicle showed a marked release of cytochrome c from the mitochondria following JWH-015 treatment, confirming damage to the organelle (Fig. 3B) .
JWH-015 induces apoptosis in thymocytes in vitro
Analysis of thymocytes cultured overnight with JWH-015 or vehicle using the TUNEL method showed that JWH-015 caused a significant increase in apoptosis when compared to vehicle controls (Fig. 4A) . In addition, we also found a dose-related increase in caspase-3/7 activity upon JWH-015 treatment (Fig. 4B) . Finally, Western blot analysis of proteins extracted from thymocytes cultured with various concentrations of JWH-015 for 1hr showed an increase in caspase-3 cleavage following JWH-015 treatment (Fig. 4C) , confirming that JWH-015 induces apoptosis in thymocytes.
In vitro treatment of thymocytes with JWH-015 induces mitochondrial damage
Δψ m analysis of thymocytes cultured with various concentrations (0, 5, 10, and 20 μM) of JWH-015 for 24 hrs using DiOC 6 staining showed a dose-related loss of Δψ m when compared to vehicle-treated cells (Fig. 5) , suggesting damage to the organelle.
CB2 antagonist blocks JWH-015-induced apoptosis
In order to confirm the specificity of JWH-015 for CB2, we undertook to block its effect using a CB2-specific antagonist. Thymocytes were therefore cultured with JWH-015, in the presence or absence of CB2 antagonist. Analysis of the samples using the caspase-3/7 assay showed a decrease in caspase activity in cells cultured with JWH-015 and SR144528, when compared to cells cultured with JWH-015 alone (Fig. 6A) . In addition, when analyzing the cells by the TUNEL method, we found that pre-treatment with CB2 antagonist could prevent JWH-015-induced apoptosis (Fig. 6B) . Together, these data show that JWH-015's effect is indeed mediated through CB2.
Role of caspase-8, caspase-9, and Fas in JWH-015-induced apoptosis
To further directly address the role of intrinsic and extrinsic pathways in JWH-015-induced apoptosis, we pre-treated thymocytes with various concentrations of caspase-8 or caspase-9 inhibitors (12.5 μM to 100 μM) for one hour. The cells were then incubated with JWH-015 or the vehicle overnight. Cells cultured with caspase-8 or caspase-9 inhibitor alone did not show an increase in TUNEL positive cells when compared to the DMSO-treated control (data not shown). Treatment of thymocytes with JWH-015 induced 66.82% apoptosis, which was inhibited in a dose-dependent manner both by caspase-8 and by caspase-9 inhibitors, suggesting the involvement of both pathways of apoptosis (Fig. 7A) . The fact that higher concentrations of caspase-8 inhibitor could almost completely block apoptosis suggested that JWH-015-induced apoptosis may involve cross-talk between the death receptor and the mitochondrial pathways. To further corroborate this, we studied the effect of caspase-8 inhibitor on JWH-015-induced loss of Δψ m . The data shown in Fig 7B suggested that addition of caspase 8 inhibitor significantly decreased the loss of Δψ m caused by JWH-015 thereby, suggesting that activation of caspase-8 may play a critical role in the induction of mitochondrial damage. The data however does not completely prove the involvement of the death receptor pathway as loss of mitochondrial membrane potential could result from activation of caspase-3 or -9, which could be non-specifically blocked by the caspase-8 inhibitor. Next, we investigated whether JWH-015 could activate the death receptor pathway through Fas signaling. To this end, we used C57BL/6 lpr/lpr thymocytes, which lack Fas, and noted that Fas-deficient thymocytes were sensitive to JWH-015-induced apoptosis, thereby suggesting that Fas was not involved (Fig. 7C) .
In vivo exposure to JWH-015 leads to inhibition of the in vitro proliferative response of splenocytes to Con A, as well as thymic atrophy due to the induction of apoptosis
To test if JWH-015 would cause immunosuppression in vivo, we injected 150 mg/kg body weight of JWH-015 or vehicle into C57BL/6 mice for 3 consecutive days and studied various immune parameters. JWH-015-treated mice showed a decrease in splenic (Fig. 8A ) and thymic cellularity (Fig. 8B) as well as increased levels of apoptosis in the thymus (Fig. 8C ). In addition, treatment with JWH-015 significantly decreased the ability of splenocytes to proliferate in vitro in response to Con A (Fig. 8D ). Together these data suggested that JWH-015 was immunosuppressive in vivo.
In vivo exposure to JWH-015 leads to decreased proliferative response of Vβ3 + and Vβ 11 + T cells to SEA
To further investigate the effect of JWH-015 treatment in vivo on antigen-specific T cell response, mice were injected with 10 μg SEA in each rear footpad. The mice were also treated with 150 mg/kg body weight of JWH-015 for 3 consecutive days, after which the draining popliteal lymph node cells were analyzed for the expression of Vβ3 and Vβ11, as T cells bearing these markers are known to be specifically activated by SEA [20] . Injection of SEA into vehicle-treated mice caused a significant increase in the percentage and absolute numbers of Vβ3 + and Vβ11 + T cells in the draining lymph nodes (Fig. 9A and B) . Moreover, treatment with JWH-015 caused a significant decrease in the percentage and the absolute number of Vβ3 + and Vβ11 + T cells in the draining lymph nodes of SEA-treated mice ( Fig. 9A and B) . In addition, analysis of the SEA-treated samples using the TUNEL method revealed an increase in apoptosis in both Vβ3 + and Vβ11 + T cells upon in vitro treatment with JWH-015, as shown by the increase in the percentage of TUNEL positive cells as well as in MFI depicted in Fig.  9C . It has to be noted that the high level of apoptosis detected in the vehicle control is likely due to the induction of AICD as the cells have been stimulated with SEA in vivo for 3 days. Together these data confirmed that JWH-015 could suppress the T cell response to a bacterial superantigen in vivo, via the induction of apoptosis.
Discussion
The cannabinoid receptor, CB2, is almost exclusively expressed on immune cells and the role of this receptor in immunoregulation remains unclear. In the current study, we demonstrated that JWH-015, a CB2 selective agonist, inhibited proliferation of splenocytes stimulated with either B cell or T cell mitogens in vitro. We also found that the decrease in lymphocyte proliferation correlated with an increase in the level of apoptosis. JWH-015 induced apoptosis in thymocytes in vitro as well. Treatment of immune cells with JWH-015 appeared to trigger both the extrinsic and intrinsic pathways of apoptosis. Moreover, administration of JWH-015 into mice caused thymic atrophy which correlated with increased levels of apoptosis in thymocytes and decreased ability of peripheral T cells to proliferate when stimulated with ConA. In addition, JWH-015 prevented the expansion of Vβ3 + and Vβ11 + T cells following SEA stimulation in vivo. Together, the current study demonstrated that ligation of CB2 receptors can induce apoptosis in immune cells and cause immunosuppression and that synthetic CB2 selective agonists may serve as ideal candidates for clinical immunosuppression.
Apoptosis is mediated primarily through two pathways each involving specific caspases [21] [22] [23] . The extrinsic (death receptor) pathway is characterized by the activation of a death receptor leading to the recruitment of an adaptor molecule and procaspase-8 to form a Death-Inducing Signaling Complex (DISC) [23] [24] [25] . Formation of the DISC results in the autocatalytic cleavage and subsequent activation of caspase-8, which in turn activates caspase-3 or caspase-7 leading to apoptotic death of the cell [23] [24] [25] . In the intrinsic (mitochondrial) pathway, damage to the mitochondria results in the release of cytochrome c, which in turn forms the apoptosome with apoptosis protease activator factor-1 (Apaf-1), dATP, and procaspase-9 [26] [27] [28] [29] . Formation of the apoptosome is followed by activation of caspase-9, activation of caspase-3 or caspase-7, and apoptosis [26] [27] [28] [29] . In some cases where the amount of caspase-8 activated is insufficient to activate caspase-3 or caspase-7, caspase-8 cleaves the pro-apoptotic Bcl 2 family member Bid, which then translocates to the mitochondria to cause release of cytochrome c and the subsequent events characteristic of the intrinsic pathway [30] [31] [32] . In this study, we showed that JWH-015 induced a loss of Δψ m , suggesting damage to the mitochondria. Furthermore, the involvement of the extrinsic pathway of apoptosis was suggested by the ability of caspase-8 inhibitor to block JWH-015-induced apoptosis as well as JWH-015-induced loss of mitochondrial membrane potential. However, we used a wide range of caspase-8 inhibitor concentrations (from 12.5 to 100 μM), and it is possible that at the highest concentrations the inhibitor may act non-specifically and inhibit other caspases such as caspase-9 or caspase-3.
Interestingly, there appeared to be a possible cross-talk between the two pathways of apoptosis induced by JWH-015 that was evident from caspase inhibition studies. We observed that caspase-8 inhibitor could almost completely block JWH-015-induced apoptosis, thereby suggesting that the extrinsic pathway of apoptosis played a crucial role in JWH-015-induced apoptosis. Moreover, because caspase-9 inhibitor could also block the apoptosis completely, this suggested that the extrinsic pathway, by itself, was not able to trigger apoptosis and that it depended on the intrinsic pathway to complete the apoptotic process. The importance of the cross-talk between the two pathways was further substantiated by the direct observation that addition of caspase-8 inhibitor was able to block JWH-015-induced loss of Δψ m in thymocytes, demonstrating that caspase-8 activation occurred upstream of the mitochondria and was essential, at least in part, for triggering mitochondrial injury by JWH-015. While we are not certain as to which of the precise death receptors/ligands are involved in JWH-015-induced apoptosis, we demonstrated that Fas was not involved inasmuch as, thymocytes from C57BL/ 6 lpr/lpr mice were sensitive to JWH-015-induced apoptosis.
The use of cannabinoids as therapeutic agents has been proposed in the treatment of many disorders ranging from pain, nausea, and cachexia to multiple sclerosis and epilepsy [1, [3] [4] [5] [6] ].
An oral synthetic form of THC has actually been approved in the treatment of cancer and AIDS patients [33] . In addition, studies from our laboratory have suggested the potential use of cannabinoids in the treatment of immunological disorders [16] . However, the use of THC is still controversial due to the fact that THC signals through both CB1 and CB2 receptors, and activation through CB1 is accompanied by psychotropic side effects. Some investigators have tried to bypass this problem by using enantiomers of psychoactive cannabinoids. For example, dexanabinol (HU-211), the enantiomer of the very potent cannabinoid HU-210 has been shown to be devoid of THC-like effects and proposed in the treatment of Experimental Allergic Encephalomyelitis (EAE) [34, 35] . However, studies from our laboratory have shown that the immunosuppressive effect of THC was mediated at least in part by signaling through CB2 [16] . Because these non-psychoactive enantiomers have a different configuration, they may not be able to bind the cannabinoid receptors as well as the psychoactive compounds. For example, HU-211 (dexanabinol), a synthetic analog of tetrahydrocannabinol, does not bind CB1 or CB2 [36] . Consequently, such enantiomers may not be able to induce apoptosis in lymphocytes and prevent their proliferation. Therefore, we hypothesized that it would be beneficial to find a CB2-specific agonist with immunosuppressive properties as it would facilitate limiting psychotropic side-effects. In this study, we show that JWH-015 is capable of inducing apoptosis in lymphocytes, and preventing their proliferative response to mitogens in vitro, but we also show that JWH-015 can be immunosuppressive in vivo, implying the potential use of JWH-015 or other CB2 selective agonists as an alternative to THC, with limited psychoactive side-effects, in the treatment of inflammatory disorders.
It is interesting to note that JWH-015 was recently found to improve the neurologic defect induced by Theiler's virus infection in which decreased numbers of CD4 + infiltrating T cells were noted in the spinal cord [37] . Although the precise mechanism of action of JWH-015 was unknown, the authors suggested that JWH-015 and other cannabinoids may decrease the number of CD4 + T cells thereby enhancing the myelin repair. Bacterial superantigens are considered to be the most powerful T cell activators [38] . Thus, exposure to such superantigens results in a dramatic induction of cytokines and consequent fever, shock and death. Our study suggests that targeting CB2 may constitute a novel approach to deplete superantigen-reactive T cells, thereby reducing the pathogenesis. Currently, to treat inflammatory diseases, nonsteroidal anti-inflammatory drugs (NSAIDs) have been widely used. However, they cause significant gastro-intestinal toxicity because of which Cox2 inhibitors were developed [39] . Recent studies suggested that Cox2 inhibitors increase the risk of developing cardiovascular disease [39] . Thus, there is growing need for development of novel approaches to treat inflammatory diseases. The current study suggests that targeting CB2 receptors may constitute a unique treatment modality against inflammatory diseases. A) Thymocytes (5x10 6 ) from C57BL/6 mice were incubated with 20 μM JWH-015 or the vehicle for 24hrs. The cells were harvested and analyzed for apoptosis using the TUNEL assay followed by flow cytometric analysis. The percentage of apoptotic cells was depicted on each histogram. B) Thymocytes from C57BL/6 mice were incubated with various concentrations of JWH-015 (5, 10, and 20 μM) or the vehicle overnight. The induction of apoptosis was then analyzed using the caspase-3/7 Apo-One fluorimetric assay. The data represent the mean ± SEM of duplicate cultures. Asterisk indicates statistically significant difference when compared to vehicle control. C) Thymocytes from C57BL/6 mice were cultured with various concentrations of JWH-015 (5, 10, or 20 μM) or the vehicle for 18hrs, after which, whole proteins were extracted and analyzed for caspase-3 cleavage by Western blotting. Beta-actin was used as a loading control. 
